The annular fuel research project was carried out during the period 8/1/2001 through 12/31/2005. A final report for this research project was previously submitted in January of 2006; the executive summary is appended at the end of this final report.
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EXECUTIVE SUMMARY
This summary provides an overview of the results of the U.S. DOE funded NERI (Nuclear Research Energy Initiative) program on development of the internally and externally cooled annular fuel for high power density PWRs. This new fuel was proposed by MIT to allow a substantial increase in power density (on the order of 30% or higher) while maintaining or improving safety margins. A comprehensive study was performed by a team consisting of MIT (lead organization), Westinghouse Electric Corporation, Gamma Engineering Corporation, Framatome ANP (formerly Duke Engineering) and Atomic Energy of Canada Limited. The study involved the evaluation of the new fuel in terms of thermal hydraulic, neutronics, fuel performance including first scoping irradiation tests at the MIT reactor, fuel manufacturing and economics.
The proposed fuel is of annular shape and has both internal and external cooling, as shown in Figure ES-1. To provide sufficient flow rate through the inner cooling channel, significantly larger rod size than the typical fuel rods of 17x17 PWR fuel arrays has to be employed. Therefore, for a fixed assembly size, the PWR fuel assembly has a smaller number of annular fuel rods. A transition from solid to annular geometry has two important implications that allow power density increases: (1) reduction of conduction path thickness, which improves margin from peak fuel temperature to melting and (2) increased heat transfer surface area (in spite of a reduction of the number of fuel rods), which improves the margin for Departure from Nucleate Boiling Ratio (DNBR).
The overall objective of this NERI project was to examine the potential for improving safety and economics of pressurized water reactors (PWRs) through a high-performance externally and internally cooled annular fuel. This has been pursued through the following tasks:
1. Identify the most promising fuel assembly arrangement for PWRs to achieve a significant increase in power density of at least 30 percent; based to a large extent on the extensive PWR UO 2 fuel database to minimize R&D development expenses and the risks associated with transition to a new fuel materials.
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Optimize the fuel for superior thermal hydraulic performance. Examine flow distribution, core pressure drop, departure from nucleate boiling ratio (DNBR), and resistance to parallel channel instabilities.
2. Perform safety analyses, such as loss of coolant accident (LOCA) analyses, to confirm safety benefits for the optimum configuration identified in item (1).
3. Evaluate the neutronic fuel design to achieve high reactivity-limited burn-up and a refueling cycle comparable to current PWR practice to attain good economic features. Confirm the acceptability of the coefficients for reactivity feedback and reactivity control.
4. Select fabrication processes to produce annular fuel elements with the required product characteristics, including fissile loading and high integrity cladding, which are capable of eventual scale-up into efficient production processes for economic and reliable fuel element performance.
5. Evaluate the materials and mechanical performance of UO 2 fuel forms obtained by production technologies different from current U.S. practices (e.g., vibropacked fuel), and operating under new conditions (such as very low fuel temperature). Develop models for assessing fuel performance as well as for scoping irradiation tests performed at the research reactor of Massachusetts Institute of Technology (MIT).
6. Estimate the economic cost or benefit in cases of using the annular fuel for uprating current Generation II PWRs or in new advanced PWRs.
Next, the key results and conclusions are summarized and guidelines as to in which chapters of this report contain more detailed analyses are provided.
Thermal hydraulic performance
The optimum square lattice annular fuel design that allows maximum power uprate was investigated using a VIPRE-01whole core model. The VIPRE-01 methodology for the analysis of fuel geometry with internal and external cooling was developed. Various square array sizes (11x11 to 15x15) that fit in the fixed dimensions of a fuel assembly were explored. The most promising options, based on DNBR considerations, were found to be the 13x13 and 12x12 arrays with the dimensions shown in Table ES-1. Because fuel performance modeling results showed that thermal expansion and swelling of fuel pellets during operation are towards the outer cladding, the heat flux to the outer channel may increase. The 13x13 array accommodates higher heat flux to the outer channel, thus the 13x13 array was selected as the most promising design.
The 13x13 design allows a power uprate of 50% in terms of DNBR limit0 F * , if the flow rate is increased proportionally. This is a significant power uprate, raising the extracted power from the same core size to support increasing the plant output from the current 1150MWe to 1750MWe. The same power uprate capability was also shown to be possible for the largest currently available reactor coolant pumps, which deliver flow rates limited to 130 percent, if the core inlet temperature is reduced by 10°C. Similar power uprates with annular fuel were found possible for the hexagonal lattice cores typical of Russian VVER reactor designs. At such high power, the peak fuel temperature is still about 1300°C lower than the reference solid fuel, as shown in Figure ES -2. Figure ES-2. Comparison of hot-spot radial temperature profiles for solid and annular fuel * Core with annular fuel operating at 150% power gives the same minimum DNBR as the reference core with solid fuel at 100% power.
Such a high power uprate requires proportional increase of core flow rate resulting in a larger pressure drop and velocity, which in turn raises concerns about vibration and fuel assembly lift-off. To address vibration concerns at higher velocities, five flow-induced vibration mechanisms for the annular fuel rods were analyzed. Compared to the reference solid fuel, the annular fuel was found to exhibit, at 150% flow rate, better mechanical behavior with respect to vortex-induced vibration, fluid-elastic instability, and turbulentinduced vibrations than the reference solid fuel in a 17x17 lattice at 100% power. Also, fretting, sliding and impact wear were found to be smaller for annular fuel. Annular fuel benefits from smaller cross flow velocities and more importantly larger rigidity. Analysis of the buckling instability of the inner cladding, which lacks grid support, showed that the maximum stress in the inner cladding generated by the bending moment is small due to very limited cladding displacement constrained by the fuel and the outer grid-supported cladding. Evaluation of acoustic resonances of the inner channel cladding with pump blade passing frequencies showed that there is a need to slightly increase separation of the natural frequency from the pulsation frequency. This can be done either through natural frequency change by increasing the length of fuel pins or through a change in pulsation frequency. The latter can be achieved by lowering pump speed or the number of blades. Overall, the proposed annular fuel design was found to be more resistant to the above vibration modes and vibration issues do not pose a limit to power and flow rate increase of 50%. However, lift-off forces are several times higher than for the reference fuel and will require design modifications of the fuel assembly and fuel rod holding mechanism. Details on mechanical design are in Chapter 8.
Because parallel non-communicating channels are more susceptible to various thermohydraulic instability phenomena than communicating channels, flow instability concerns were addressed. Two major instability types -excursive (Ledinegg) instability and density wave oscillations -were evaluated. No excursion type instabilities were observed and MDNBR was found more limiting than the flow excursion instability limit. The analysis of susceptibility to density wave oscillations confirmed that operation at 150% power is deeply in the stable region. Therefore, flow instability is not an issue for the proposed annular fuel, in spite of the fact that the internal channels are isolated and do not communicate with other channels. The high system pressure and the small channel fraction experiencing subcooled boiling with a small void fraction, are the main factors for operation far from the instability line.
Sensitivity calculations have shown that the MDNBR is more sensitive to manufacturing tolerances and oxide growth than the reference solid fuel, because of the absence of cross flow mass and enthalpy exchanges in the inner channels. Nevertheless, sensitivity results have also shown that MDNBR changes due to these effects are small and do not violate the MDNBR limit. In addition, annular fuel is more sensitive to operating parameters, such as core flow rate, core power, core inlet temperature and systems pressure. This larger sensitivity is compensated by the larger DNBR margin at rated conditions gained from the new geometry with larger heat transfer surface and higher mass flux. Finally, the concern about potential plugging of inner channel with debris was also investigated. Although total plugging of the inner channel does not lead to excessive fuel temperature, the inner cladding would be subjected to damaging temperatures, hence full plugging must be prevented. This can be easily achieved through the use of inlet debris filters, which are used in all current PWRs to minimize debris-induced fretting and have mesh passages smaller than the diameter of the inner channel.
In conclusion, steady thermal hydraulic calculations confirmed that the proposed annular fuel can achieve substantial power uprate up to 50% and no show stoppers were identified. Details of these thermal hydraulic studies are given in Chapter 6.
Safety Analysis Performance
Four accidents of the annular fueled PWRs were evaluated in a comparative manner against the reference PWR plant with traditional solid fuel. The accidents involved the Loss-of-Coolant Accident (LOCA), the Loss of Flow Accident (LOFA), the Main Steam Line Break (MSLB), and the Rod Ejection accident. To perform these analyses, RELAP5-3D/ATHENA was used, after proper models were developed.
To accommodate 50% higher decay heat during reheat period after LOCA, three options of safety injection (SI) and accumulator (ACC) systems have been explored involving 100% SI and 150% ACC, 150% SI and 100% ACC and 150% SI and 150% ACC. The blowdown cladding temperature peak was eliminated for all cases even at 150% power because of very low stored energy in the fuel. The peak cladding temperatures from heatup remained well below the safety limit of 1200ºC for all three cases, but for the case with 100% SI, the peak cladding temperature stayed at high values much longer than the other two cases before quenching. Therefore, SI at 150% capacity and the same accumulator size (100% capacity) were selected for the 150% rated core. Overall, the analyses confirmed that the core at 150% power could withstand a LOCA without exceeding the cladding temperature limit.
The complete Loss of Flow Accident (LOFA) was analyzed using RELAP3D/ATHENA code and VIPRE-01 code. The results at 150% power show that the DNBR of annular fuel decreases faster than that of the reference solid fuel at 100% power, mainly due to its larger sensitivity to coolant flow rate. However, because the initial DNBR margin of annular fuel is significantly larger than for the solid fuel, the lowest value of MDNBR reached during the transient is slightly higher than that of the solid fuel. After reaching a minimum value, the MDNBR for annular fuel increases more rapidly than that of solid fuel due to the much smaller stored energy of annular fuel. The LOFA results confirmed the results of the steady-state MDNBR analyses at overpower, which showed the capability of annular fuel to operate at 150% power.
The Main Steam Line Break (MSLB) and Rod Ejection Events were analyzed for solid and annular fuel rods at 100% and 150% power levels. The MSLB results confirmed the expectations that the annular fuel operated at 150% power has sufficient MDNBR margins comparable to those of the solid fuel at 100%. Also, the rod ejection results showed that the peak fuel temperature for the annular fuel would remain significantly below that for the solid fuel (about 1200°C versus 2200°C). On the other hand, the temperature increase from steady state values was about 50% higher for the annular fuel due to higher power density and slightly smaller fuel volume. Nevertheless, the radial averaged fuel temperatures of annular fuel remains significantly lower than that of the solid fuel (1150°C versus 1450°C). Correspondingly, the radial average fuel enthalpy at the axial location of the peak temperature is about 30% lower for the annular fuel than for the solid fuel. Therefore, the margins to fuel enthalpy limit is substantially higher for annular fuel in spite of its 50% higher power density.
In conclusion, the safety analysis results of the above four major accidents show satisfactory safety performance of annular fuel for power uprates up to 50%. More details on safety analyses are given in Chapter 7.
Neutronic performance
The optimum dimensions of the internally and externally cooled annular fuel are primarily determined by thermal hydraulic analyses, which were performed under the constraint of maintaining the heavy metal to moderator ratio close to the reference value of the current solid fuel. Additional cladding volume is needed for the annular fuel, which reduces the volume available for the fuel and coolant. Hence, about 9% less heavy metal can be loaded in the core, which affects negatively the fuel cycle length. Nevertheless, the heavy metal to moderator ratio was preserved by correspondingly slight reduction of moderator volume. The smaller heavy metal loading and added cladding necessitate slightly higher enrichment, but this increase is minor in comparison with the enrichment increases needed to achieve 50% higher burnup as a result of large power uprate to maintain the cycle length of 18 months per current practice in most US plants. Therefore, the major challenge in the neutronic task was to design the core and its fuel management scheme such that it can achieve 18 month cycle length at 50% higher power density with acceptable power peaking and other neutronic parameters. The design targets include assurance of core operation at a 90% capacity factor for an 18-month cycle, maximum core boron concentration of 1750 ppm, maximum radial pin power peaking of 1.65, and a hot spot factor of 2.5.
Three cores were designed using the CASMO4/SIMULATE code package and a consistent methodology -a reference PWR core with solid fuel and two annular fueled cores, one operating at 100% power and the other at 150%-power. This made possible a comparison between the annular-fueled cores and the reference core based on the same number of reload assemblies and the same set of design criteria. The generic annular core design philosophy followed the existing industrial 3-batch core. The 72 reload assemblies were subdivided into two enrichment levels: 48 with higher and 24 with lower enrichment. The sub-batch with higher enrichment stays in the core for 3 cycles whereas the lower-enriched fuel remains for 2 cycles, but at higher flux regions to achieve comparable burnup. The loading pattern of an equilibrium annular fueled core for 150% power rating is shown (with peaking and burnups) in Figure ES -3. The red, blue and grey colors indicate fresh, once-burnt and twice burnt fuel assemblies, respectively (corresponds to first number 0,1,2). The letters H and L designate high (9.0%) and low (8.1%) enrichment, the first two numbers after a letter stand for number of rods with gadolinium and the last two numbers designate Gd wt% in these rods (for example 80 stands for 8.0wt%).
Figure ES-3 shows that fuel assemblies are exposed to significantly high burnups, up to 102MWd/kg, although accumulated over the same 4.5 year core residence time as for the reference solid fuel. To extract ~50% more energy per assembly requires a corresponding increase of enrichment. The 8.1% and 9.0% are well above the 5 w/o licensing limit of most manufacturing plants, hence a transition to this annular high power density fuel would require changes in fuel manufacturing plants. However, if heavier uranium compounds can be considered, e.g., uranium nitride, and the number of reload assemblies can be increased, the fuel enrichment can be limited within 5 w/o. Higher enrichment hardens the neutron spectrum and as a consequence reduces the reactivity worth of control materials. Satisfying the limit on core boron concentration implies more burnable poison usage in the fresh fuel. The management of the power distribution through the entire cycle while ensuring acceptable burnable poison residue becomes more challenging. The shutdown margin is also slightly reduced based on the existing Ag-InCd control rod system and requires stronger control materials. Figure ES-3: Assembly power distribution at EOC for the IXAF-fueled, 150%-power core Reactivity feedback parameters were also evaluated for all three cores. The moderator temperature coefficient of the annular core is slightly more negative than for the solid core. The Doppler coefficient is about the same, but the lower initial temperature of the annular fuel provides larger margins for negative Doppler feedback in accidents with reactivity increase, and smaller reactivity penalty for zero to hot full power heat up.
The potential of plutonium burning in the high power density core with annular fuel was also explored. The annular fertile free Pu loaded fuel in a highly uprated core appears to be feasible, but power uprates are restricted to less than 50% because of relatively high power peaking and potential for slightly positive MTC at BOC. The results suggest that a power density increase of 40% should have the initial Pu loading sufficiently low to assure acceptable core power peaking and negative MTC at all times during the cycle. However, the need for a large amount of enriched burnable poisons makes the design of fertile-free Pu burning core economically unattractive. A more attractive option for management of the transuranic isotopes deserving evaluation in the future would be the COmbined Non-Fertile and UO2 (CONFU) fuel, which could be easily adapted for annular fuel.
Overall, the annular-fueled high power density cores showed comparable steady-state performance, including power distributions and reactivity coefficients, to the reference solid fuel core. Hence, the retrofittability of the new annular fuel appears to be technically feasible for the next generation high density PWRs from a reactor physics point of view. More details on reactor physics analyses are covered in Chapter 9.
Fuel Fabrication Feasibility
One of the major issues of any new fuel is the feasibility of its fabrication to high and stringent standards. Therefore, the important task of this project was focused on the evaluation, development, and laboratory-scale demonstration of selected, desirable fabrication processes of the annular fuel. Fuel fabrication feasibility study was performed in three phases. First, a broad based evaluation of the possible fabrication processes that are pertinent to the optimized annular fuel design were performed by Gamma Engineering. Potential fabrication routes and processing technologies of annular fuel elements that were evaluated included:
(1) Sintered ring pellet fabrication route with current commercial punch and die pressing technology for fabricating green pellets followed by sintering processing.
(2) Sintered ring pellets fabrication route with slurry extrusion technology for fabricating green pellets followed by drying and then sintering processing.
(3) Sintered ring pellets fabrication route with cold iso-static pressing technology for fabricating green ring pellets followed by sintering processing.
(4) VIPAC fuel element fabrication route with different particle size components of crushed high density sintered UO 2 fuel material.
(5) VIPAC fuel element fabrication route with different particle size components of spherical high density UO 2 fuel material formed by special processes such as sol gel.
The sintered ring pellet (1) and VIPAC (4) fabrication technologies were selected as the most promising candidates for further evaluation.
In the second phase, analyses and development of the above most promising fuel fabrication technologies were pursued. The third phase covered laboratory-scale demonstration of the developed fabrication processes to provide near prototypical annular fuel rods with depleted uranium oxide for pertinent product characterization. The major results achieved for the sintered ring pellet and VIPAC processes are summarized below.
VIPAC fuel fabrication was performed at AECL. First, six 10cm long annular fuel specimens with enriched uranium fuel were fabricated to be used at MITR for irradiation -see Figure ES -4. High density (>97% theoretical) crushed 4.91wt% enriched sintered UO 2 pellets were used as feed material. Due to the small annulus gap width for fuel material (i.e., ~2 mm), the optimum fuel feedstock was found to require two particle size components (i.e., ~70 wt% of 0.25-0.50 mm granules and ~30 wt% 0.025-0.053 mm granules) for achieving the highest smear density in the finished product. The maximum smear density attained by vibration packed processing only was ~77% theoretical. An increased density of 82% was achieved using a mechanical impact processing technique with increased force developed by AECL. Additional density increase to 88% was achieved by mixing 15% uranium metal powder with UO 2 . The metal powder size was 0.25-0.50 mm.
Figure ES-4 Annular fuel specimens for irradiation at MITR Next, two four foot lengths of annular fuel were manufactured and successfully loaded using the VIPAC approach to achieve a maximum density of 77% of theoretical. This is insufficient to meet the reference fuel loading requirements of an effective uranium oxide density of at least 85% of theoretical UO 2 density. It was also observed that the granules compacted to a certain density of approximately 72% relatively quickly and after this point small increases in density were only achieved following extensive compaction.
Therefore, further exploration of VIPAC fuel was not pursued, but it was noted that higher densities may be achieved through an addition of a uranium metal powder component to the oxide particle fuel mixture before compaction. Hence, VIPAC fuel fabrication route involving addition of metallic uranium powder may be a backup option for the more promising sintered pellet route described below.
Sintered ring pellets for the 13x13 annular fuel rods were manufactured at the Westinghouse Nuclear Fuel Company in Columbia, South Carolina. Seventy green annular pellets were produced and sixty of these pellets were then sintered. Figure ES-5 shows some of the sintered annular pellets. Properties of thirty sintered pellets were then extensively measured and the OD surface of the pellets were then finished utilizing a commercial centerless grinder. The overall yield of the thirty selected pellets from powder pressing, sintering and OD surface grinding was 97% with the loss of one pellet during grinding. There were no technical issues with the fuel pellet fabrication or OD surface grinding. The crucial pellet dimensional tolerances met the preliminary fuel design specifications.
Figure5 Sintered pellets manufactured at Westinghouse
Based on this Westinghouse testing work, the press-and-sinter pellet fabrication route appeared to be the most promising technology for commercially manufacturing the reference annular fuel. Therefore, a second set of annular pellet fabrication and rod loading trials, using commercial fabrication techniques, was arranged by Westinghouse and performed at INVAP (located in S.C. de Bariloche -Río Negro Province, Argentina). The second batch of pellets of about 200 that was produced showed that the desired tolerances can be achieved. The conical shape of the annular pellets has been substantially reduced. Further, end plugs were designed and welding techniques successfully demonstrated. Finally, the 4-foot long rods were successfully loaded with annular pellets and both end plugs welded inside and outside and the rods were pressurized with helium gas.
Overall, the conclusion is that annular fuel elements can be manufactured by commercial fabrication techniques to required specifications using the sintered ring pellet route, at reasonable costs. Therefore, fabrication of annular fuel should not be an inhibiting factor in the commercial introduction of annular fuel to improve the performance of existing light water reactors. The description of fuel manufacturing activities is in Chapter 11.
Economic Feasibility
The new fuel could be introduced only if it can bring significant economic benefits to nuclear power plant operators. Therefore, quantification of the potential economic gain is a key goal of this project, so that a separate task was devoted to economic studies.
Fuel cycle cost and the assessment of the impact of the high-power density annular fuel on plant economy were performed by Westinghouse. The objective was to provide the engineering and economic analyses to allow the annular fuel cost/benefit ratio to be determined. The evaluations were pursued in two areas. The first area focused on manufacturing cost, in particular on the modifications required for the Columbia plant to accommodate manufacturing of annular fuel rods and the associated costs. In the second stage, the benefit from a large power uprate on the projected cost of electricity was assessed.
Fuel manufacturing costs were estimated from an assessment of the manufacturing issues encountered when a central tube is introduced in the annulus of a fuel rod. The baseline constraints and assumptions used reflect the current permitting and operational constraints at the Westinghouse Nuclear Fuels plant in Columbia, South Carolina.
Two types of fuel were considered. The first is an annular pellet fuel similar to but bigger than the UO 2 based annular pellets currently made for WABA rods at Columbia. The second is a particulate fuel using vibration packing of crushed and screened irregular UO 2 particles as has been used by AECL in Chalk River (see Chapter 11) for the test fuel segments.
For annular pellet fuels, the pellets are assumed to be first loaded into the outer tube, as is currently done for solid pellets. This approach is taken since the outside of the pellets can be ground to a very close tolerance. The inside tube is then inserted with a pre-welded bottom closure already attached. The addition of the second tube requires only a minor modification of the current assembly station. The spring and annular closure are then added to the opposite end. Minor increases in manufacturing costs are expected for two new welding stations. The only capital investment is for increasing the sintering furnace capacity due to the lower overall density of the pellets. However, no significant increase in the final cost of fuel is expected, since the pellet cross sectional area does not exceed that of the solid pellets needed in each assembly.
A cost estimate has been made to take into account the following additional capital and additional operating costs due to the manufacture of annular fuel:
1. Product charges for capital costs due to the increased number of sintering furnaces;
2. Product charges for capital costs associated with additional welding stations;
3. Product charges due to increased zirconium usage.
Increases in fuel manufacturing costs were determined from these capital costs and combined with additional zirconium costs to obtain the total marginal cost increase of the annular fuel from the current $.005/kWhr(e) to about $.00502/kWhr(e). This cost increase is negligibly small.
Regarding the benefit on plant economics, three plant options using annular fuel were compared to two options using standard solid fuel. The discounted rates of returns for the various options were found to be as follows (listed best to worst): The use of annular fuel always improves the rate of return on invested capital. In the case of a new Generation III power plant, the use of annular fuel can be used to either get more capacity from the same sized nuclear island or to reduce the size of the nuclear island. It appears that the rate of return on money can be increased by 0.4-0.5% if the new annular fuel is used.
For the currently operating Generation II power plants, annular fuel provides a means to significantly upgrade the power output (up to 50%) using the same nuclear island with new reactor internals, steam generators and circulation pumps, and a new incremental balance of plant (built during plant operation) to handle the increased power production. However, the ROR is less than for the new reactor options. This is mainly due to the high cost of the replacement power and the unused fuel value during the transition from standard to annular fuel. For instance, if these two items were not included, the capital cost would significantly decrease and the value of this option would increase extensively with a ROR of about 11.6%. Therefore, if low cost replacement power is readily available during the transition period and if the unused fuel cost can be reduced due to tighter fuel management before the transition, then the uprate option becomes the most favorable of all options.
Overall, annular fuel appears to be economically attractive in comparison with the solid fuel for any PWR plant. The details of economical studies are given in Chapter 12.
Fuel Performance
The performance of the internally and externally cooled annular fuel during irradiation was evaluated using a modeling approach and also a scoping irradiation test at MITR, as outlined in the two sections below.
The FRAPCON-3 code was modified to develop the annular fuel performance code FRAPCON-ANNULAR, which was then utilized to perform analysis of the irradiation of the hottest pin in the sintered annular fuel design. Comparisons have been made with a reference Westinghouse solid fuel rod operating at its rated power, and an actual commercial PWR rod operated to high burnup. The high power annular fuel would be irradiated (in the model) to a much higher burnup than solid fuel (86 versus 50 MWd/kg).
At this high burnup, fission gas release (FGR) from the highly uprated annular fuel is larger than the reference solid fuel case in spite of its much lower fuel operating temperature. This is because significant fission gas release starts to occur at burnup higher than 45 MWd/kg due to microstructure changes of the fuel. However, total FGR from the annular fuel at 86MWd/kg is still relatively low (less than 6%). Both claddings of the uprated annular fuel experience larger strains during the first hundred days of operation as a result of larger cladding creepdown due to the larger initial diameter, but remain below the 1% limit. The annular fuel cladding oxide thickness and hydrogen pickup were found to be smaller than for the solid fuel due to lower cladding temperature. At 150% power, the inner cladding had slightly higher oxide thickness than the solid fuel due to its higher heat flux, but still within acceptable limits. Because the high burnup is achieved at about the same cladding temperature and over the same time period as for today's solid fuel, cladding performance of high power density annular fuel is not significantly different from the reference solid case.
One potential issue identified through modeling is the asymmetry of the outer and inner gap conductances and its effect on the heat flux values, as a result of preferential expansion of the pellet ring towards the outside. A number of approaches have been explored to resolve the issue of this gap conductance asymmetry. A promising approach is adding by sputtering an outer fuel layer of ZrO 2 particles. This prevents quick contact between the cladding and the fuel, thus limiting the outer gap conductance due to the presence of a barrier of a smaller thermal conductivity at the time of outer gap closure, if the inner gap is open. After inner gap closure, the ZrO 2 at the outer surface is crushed due to a large contact pressure and the outer gap thermal conductance is increased closely matching that of the inner gap. Coverage of 50% of the outer fuel surface with ZrO 2 particles in combination with typical cladding and fuel roughnesses of 3 μm was found to yield excellent gap conductance symmetry throughout the entire irradiation period. Moreover, the sintered pellet manufacturing results found that excellent tolerances can be achievable for the annular pellet dimensions, which suggests that the rod can be assembled with a smaller inner gap and the ZrO 2 layer sputtering may not be needed. This needs to be further confirmed by irradiation, hence the ZrO 2 sputtering technique can serve as a backup.
To simulate fuel performance of VIPAC fuel, the FRAPCON3-ANNULAR(V) code was developed incorporating several new models. These include a new empirical VIPAC thermal conductivity relation as a function of temperature, burnup, porosity and gas pressures; a VIPAC fuel and cladding thermal conductance model based on the original FRAPCON thermal conductance model; a VIPAC fuel-cladding mechanical interaction model and a model of dimensional changes; and an athermal fission gas release model for VIPAC. The performance of the VIPAC fuel was compared to that of the sintered fuel. The results showed that during the first ~50 EFPDs, the VIPAC annular fuel average temperatures were lower than those of the sintered annular fuel in spite of the smaller conductivity of VIPAC fuel, a consequence of the absence of fuel cladding gaps. After the sintered annular fuel gaps close, the fuel average temperature drops below that of VIPAC fuel because of the higher thermal conductivity of sintered fuel. The VIPAC fuel fission gas is predicted to be higher than the sintered fuel (~12% at EOL for VIPAC versus ~6% for sintered fuel) because of the larger surface to volume ratio of VIPAC fuel particles, which facilitates escape of fission atoms by recoil and knock-out. On the other hand, VIPAC fuel rod average cladding strains at BOL (when the strains reach maximum values) are substantially lower than those of sintered fuel, because the cladding creepdown during the initial operating period due to external pressure is alleviated. Also, the FRAPCON-ANNULAR(V) results confirmed the expectation of excellent gap conductance symmetry. Design optimization study of annular VIPAC fuel was also performed using FRAPCON3-ANNULAR(V) code. The optimum initial helium (fill gas) pressure was identified to be between 1.4 and 2.0 MPa, the optimum particle size yielding the lowest fission gas release was found to lie between 300-600μm, and the optimum smear density with respect to low fission gas release, low EOL rod pressure and small cladding strains was identified to be in the range of 85%-90%. Fuel performance models and the results are discussed in Chapter 13.
Regarding the irradiation tests of VIPAC fuel, only limited irradiation experiments could be performed because of time and funding constraints of this project. Since there is much more extensive experience with behavior of the sintered pellets than with VIPAC fuel, only VIPAC fuel was selected for irradiation tests. The goal of the irradiation experiment was to obtain data on fission gas release and potential irradiation induced dimensional changes, which could occur early during irradiation (note that no temperature driven sintering is expected due to very low fuel temperatures).
Two of the VIPAC annular fuel samples manufactured by AECL shown in Figure ES -4 were instrumented with thermocouples and assembled into irradiation capsules. Reactor coolant at 50°C was used for cooling. This required the design of special irradiation capsules that provide additional heat transfer resistance between the coolant and cladding to match the cladding and fuel temperatures to those predicted during PWR operation. This has been accomplished through a lead-bismuth eutectic filled gap. The seal welded and pressure tested capsules were inserted into the MITR-II core, as shown in Figure ES -6. The two assembled capsules were irradiated to a burnup of 6.9 and 5.7 MWd/kg-U over the period from March to September 2004. Linear heat generation rates in the fuel samples were near those that would be experienced in a peak rod at 150 percent of current PWR power density. After the irradiation was stopped, the fuel samples were transferred from the core to the fuel storage ring in the reactor for radiation decay before post irradiation examination (PIE).
The PIE, which was performed in August 2005, confirmed that predicted burnups were within several percent and showed lower than predicted fission gas release. Fission gas release was evaluated by comparing the integrated counts for the Kr-85 514 keV peak in the fuel to the integrated counts in the plenum region, and assuming that all released fission product gas has migrated to the plenum. About 0.5% fission gas release was estimated for each capsule. These values are subject to fairly large uncertainty because the 514 keV peak is close to the 511 keV annihilation peak and is not fully resolved from it. However, it is very likely that the actual fission gas release is not more than several per cent of the fission gas generated.
The details of irradiation program and the results are summarized in Chapter 14. 
